In order to understand changes in gene expression that occur as a result of age, which might create a permissive or causal environment for age-related diseases, we produced a multitimepoint Age-related Gene Expression Signature (AGES) from liver, kidney, skeletal muscle and hippocampus of rats, comparing 6, 9, 12, 18, 21, 24 and 27-month old animals. We focused on genes that changed in one direction throughout the lifespan of the animal, either early in life (early logistic changes); at mid-age (mid-logistic); late in life (late-logistic); or linearly, throughout the lifespan. The pathways perturbed as a result of chronological age demonstrate organ-specific and more global effects of aging, and point to mechanisms that might be counterregulated pharmacologically in order to treat age-associated diseases. A small number of genes were regulated by aging in the same manner in every tissue, suggesting they may be more universal markers of aging. 4 changes with age throughout the animal's lifespan (at 6, 12, 15, 18, 21, 24 and 27 months) in liver, gastrocnemius muscle, kidney and hippocampus. Rats were chosen because we had previously shown that rats are an excellent model for sarcopenia -the age-related loss of skeletal muscle (Ibebunjo et al., 2013). Here we are applying that experience to other tissues to develop a full multi-tissue aging signature. We discovered genes that change in common in every tissue; genes which are regulated in early-logistic, mid-logistic, late-logistic and linear fashion in particular tissues, and pathways that are regulated in multiple tissues, giving some indication of common mechanisms of aging. It is our hope that this dataset will serve as a valuable resource for further molecular insights into mechanisms of aging.
Introduction
Aging is the strongest risk-factor for many serious diseases and co-morbidities, including cancer, heart disease, kidney disease, dementia, Alzheimer's disease, frailty and sarcopenia (Armanios et al., 2015; Egerman and Glass, 2014; Johnson et al., 2013; Kirkland and Tchkonia, 2015; Niccoli and Partridge, 2012) . Increasing evidence suggests that aging occurs in a regulated manner, and that perturbation of discrete cell signaling pathways can extend lifespan and delay age-related diseases and co-morbidities (Bitto et al., 2016; Chen et al., 2009; Flynn et al., 2013l; Harrison et al., 2009; Miller et al., 2011; Miller et al., 2014; Zhang et al., 2014) .
Multiple analyses of age-related changes in gene expression have been conducted in various tissues in mice (Barns et al., 2014; Braun et al., 2016; White et al., 2015) and rats (de Magalhães et al., 2009; Ibebunjo et al., 2013; Shavlakadze et al., 2018) . There have been other strategies for the development of molecular signatures of aging; for example, researchers have determined DNA methylation patterns that correlate with biological age. An advantage of this method is that easily accessible tissue such as blood can be used to determine and cross-compare a human's aging status (Gross et al., 2016; Sziráki et al., 2018; Thompson et al., 2018) .
It is possible to obtain a more thorough molecular profile of aging by examining gene expression changes in multiple tissues throughout multiple time points in the lifespan of the animal, and determining genes that are perturbed in a consistent direction -in other words, genes that consistently increase in expression throughout life, or genes that consistently decrease in expression.
We were curious to know whether examination of multiple tissues at multiple time points could lead to new insights into the possible global and tissue-specific mechanisms of aging which might be causal for age-related pathologies. Thus, we undertook a study of gene expression 9 The most prominent pathways down-regulated with aging were mitochondrial: oxidative phosphorylation, respiratory electron transport and biological oxidation were all gradually downregulated with age in the liver and kidney. Prominent downregulation of oxidative phosphorylation and respiratory electron transport was seen in the gastrocnemius muscle. Agerelated regulation of oxidative phosphorylation, respiratory electron transport and biological oxidation pathways was not conspicuous in hippocampus (Figure 4A and 4B) . These changes were consistent with the idea that mitochondria become less competent with age, depriving cells of critical supplies of ATP, in addition to the multitude other signals, which are mitochondrial in origin.
Common age-regulated genes among multiple tissues
We also sought to determine whether there were common age-regulated genes among the multiple tissues and identified 148 genes that were common to at least three of these tissues (here referred to as the "common genes" Supplementary table 3 ). The majority of common genes (n=110) were upregulated with aging consistently across tissues. Twenty-five common genes had a mixed expression pattern, i.e. were up-regulated in some tissues and down-regulated in others.
Thirteen common genes were down-regulated in at least three tissues (liver, gastrocnemius and kidney). Interestingly, expression of 13 common genes was up-regulated with age in all four tissues, with 11 of these genes being annotated: LOC103689965, Psmb8, Gpnmb, Tspo, Irf7, Icam1, Ms4a6a, Isg15, C4a, C4b, Cebpb (Table 1, and the first 13 transcripts in Supplementary   table 3) . 10 In analyzing the gene changes over time, we were surprised to see another characteristic emerge from the data -interestingly, aging induced an increase in the global gene expression variability (Supplementary figure 4) . Density plots of standard deviation variability demonstrated higher overall gene expression variability in 27-month old liver, gastrocnemius and kidney, but not hippocampus, compared with samples from 6-month old animals (Supplementary figure 4) . No increase in gene expression variability in the old hippocampus is in line with an overall more muted response to aging seen in this tissue in aged Sprague Dawley rats (Figure 2D) .
Transcription factor motif enrichment in liver, gastrocnemius muscle, kidney and hippocampus
Given the sets of genes which were observed to be regulated by age, the next question was, what upstream mechanisms might be perturbing these genes? We therefore next sought to assemble the set of transcription factors that might be responsible for the gene changes, by using an program to identify transcriptional binding site motif enrichment, known as HOMER (for Hypergeometric Optimization of Motif EnRichment) (Heinz et al., 2010) . HOMER can be used to identify motifs that are statistically enriched in the promotor region of a given list of genes.
We first applied HOMER using motifs of 6-12bp length over a range of 1000bp upstream and 50bp downstream of each transcriptional start site, using the age-regulated gene list for each tissue (Figure 1 , left side of the flowchart). Supplementary table 4A contains the list of these enriched motifs (p-value<0.05 adjusted by Benjamini-Hochberg Procedure). In addition, we applied the HOMER program to the lists of gene subsets with linear, early-, mid-and latelogistic behaviors, here defined as age-regulated genes ( Supplementary table 4B ).
Overall, the most prominent binding motifs enriched by genes up-regulated with age were transcription factors linked with the innate immune response and inflammation. For example, the motif for the transcription factor IRF2 (interferon regulatory factor) was enriched by promoters of up-regulated genes in three tissues, liver, kidney and hippocampus, consistent with the finding that the interferon signaling pathway was found to be up-regulated in all four tissues coincident with age -but this motif commonality allows focus on IRF2 in particular ( Supplementary table   4A ). Genes that contributed to the identification of the IRF2 motif were characterized by linear up-regulation with aging ( Supplementary table 4B ).
The motifs associated with IRF1, IRF3, and ISRE (interferon stimulated response element) were enriched by gene promoters with linear behavior in the liver and kidney, where robust agerelated induction of the interferon alpha and interferon gamma signaling occurred (Supplementary table 4A,B) . The motifs associated with IRF8 were enriched in kidney and hippocampus (Supplementary table 4A,B) .
Motifs related to the inflammatory response (STAT4, STAT5, STAT1 and NfkB) were also enriched by promoters of linearly up-regulated genes ( Supplementary table 4B ). Motifs related to STAT4, STAT5, STAT1 were prominent in the aging kidney and motifs related to NfkB were prominent in the aging liver ( Supplementary table 4B ). Furthermore, in the aging kidney, the motifs for hepatocyte nuclear factors (HNF4a, HNF1 and HNF1b) were enriched by promoters of down-regulated genes (Supplementary table 4A, B) .
In the gastrocnemius muscle, the Mef2 a,b,c and d (myocyte enhancer factor-2) transcription factor related motifs were enriched by gene promoters that were down-regulated later in life coinciding with age-related muscle atrophy ( Supplementary table 4A and B) . Interestingly, in the gastrocnemius Mef2a related motif was also enriched by up-regulated gene promoters with early logistic behavior. Since early response genes assigned to this gene subset were differentially regulated between 9 and 12 months (middle age), up-regulation of factors that target the Mef2a motif may be linked with early events of muscle aging and may trigger later events of sarcopenia.
In gastrocnemius muscle, PRDM14 (PR domain zinc finger protein 1) and a zinc finger transcription factor Sp1 (specificity protein 1)-related motifs were enriched by promoters of upregulated genes with a late-logistic behavior ( Supplementary table 4B ).
DISCUSSION
There are multiple definitions of aging; our interest was to determine whether we could find a reproducible pattern of gene expression changes over the lifespan of a rat in multiple tissues to establish an Age-associated Gene Expression Signature of aging (denoted AGES). The power of profiling multiple ages, rather than only two (young versus old) was that it allowed for the demonstration of several distinct patterns of gene expression changes that may occur. Profiling several distinct organs at the same time allowed us to cross-compare the changes observed in each organ in order to learn which were unique and which were universal. We envision that AGES will help in research efforts to (1) identify the particular expression changes that are either diagnostic or causative of age-related disease; (2) identify changes that create an environment in which disease is more likely develop -for example by decreasing the efficiency of DNA damage (Reichwald et al., 2009) and humans (Cribbs et al., 2012 ) -accumulation of complement member C1q occurs in areas of the brain vulnerable to neurodegeneration in aged mice, and knock out mouse models of the key components C1q and C3 display less age-related cognitive and memory decline (Shi et al., 2015; Stephan et al., 2013) .
Age-related increase in Cebpb, Isg15, Icam1, Irf7, Psmb8 gene expression is likely to be linked with up-regulation of inflammatory pathways. In the brain, these changes are suggestive of agerelated induction of neuro-inflammation and activation of glia. C/EBPb (coded by the Cebpb gene) is a basic-leucine zipper DNA-binding protein that controls expression of cytokines and other proinflammatory genes, and induces pathways that are critical for glia activation (Bradley et al., 2003; Wang et al., 2018) . Apart from being implicated in neuro-inflammation, C/EBPb controls expression of delta-secretase enzyme, which is thought to contribute to the pathology in While the data from liver, kidney and gastrocnemius muscle indicated that many genes were regulated with age, we identified far fewer age-regulated genes in hippocampus (229 genes). Furthermore, the response to age was muted in the hippocampus compared to the other tissues in that both the magnitude of fold changes and the statistical significance were smaller in hippocampus compared with other tissues (Supplementary Figures 1) . We have also observed this muted response in an earlier study that compared an independent cohort of 24-month old and 6-month old rats (data not shown). To interrogate the RNAseq results from hippocampus, we performed a side-by-side analyses of this earlier study and the current time-course study and identified genes that were differentially regulated with a fold change of > 1.5 (Benjamini-Hochberg adjusted p<0.05) between 6 and 24 months. We found 121 differentially regulated genes (108 were up-regulated and 13 were down-regulated) in the earlier study and 226 differentially regulated genes (210 were up-regulated and 16 were down-regulated) in the current study and there were 53 up-regulated genes (p<1e-70) and 7 down-regulated genes (p<1e-18) in common to the two studies. These results indicate that the smaller age-associated gene expression signature in the hippocampus is driven by the biology of the tissue, at least in the Sprague Dawley rat.
An interesting observation which was especially evident in the latest time points was that aging induces an increase in variability of gene expression. At the 27 month time point, two different classes of animals became evident -one which was "genetically younger" than the other, since its gene expression pattern maintained a greater consistency with earlier time points, and one which was "genetically older", since its expression pattern continued along the age-associated slope established by the earlier time points. Other studies have pointed to this increased variability as well (Barns et al., 2014) . Potential causes include an incursion of new tissue types in organs where they are not usually extant -for example age-associated fibrosis is a common event, and fibroblasts would be expected to derail an organ's gene expression signature if these cells are not normally a significant component of that tissue type. Dysregulation of heterochromatin, FASTQ sequence files. Read quality was assessed by running FastQC on the FASTQ files.
Sequencing reads showed excellent quality, with a mean Phred score higher than 30 for all base positions.
For read alignment to the rat (Rattus norvegicus) genome and gene expression quantification for genes annotated by Ensembl v6.0.87 1 , the exon quantification pipeline was used (Schuierer and Roma, 2016) . Supplementary table 5 summarizes reads sequenced and mapped for each tissue.
For each tissue, any gene with an average voom-normalized expression value of less than zero in any age group was considered undetected and removed from further analysis. As part of the initial QC, we performed a principle components analysis on the gene expression data from each tissue.
However, we noticed that, in few cases, a single sample contributed overwhelmingly to the variability of any of the first 5 PCs. These samples were considered technical outliers and were removed from further analysis. Supplementary figure 2 shows principal component analyses that best correlated with age for liver, gastrocnemius muscle, kidney and hippocampus datasets.
Definition and characterization of age-regulated genes
Differential expression analysis was performed on the counts using voom normalization followed by limma (Ritchie et al., 2015) for model-fitting and contrast calculation with R version 3.4.2 (Figure 1) . Because we had profiled multiple ages in the animals lifespan, we sought to characterize gene behavior as following a linear or logistic trend. To assess the overall gene behavior, we used Bayesian Information Criteria (BIC) to determine if the expression of a gene as a function of time was best fit by a linear model, a four-parameter logistic model, or a "null" model (no change over time).
Age-regulated genes were defined as those that met the following criteria: a fold change of >1.5 (in either direction) and Benjamini-Hochberg adjusted p-value < 0.05 for expression regulation between 6 month and at least one older age in addition to a BIC for the linear or four-parameter logistic fit that was at least 5% improved over that of the null model.
Pathway enrichment analysis for age-regulated genes that specifically follow linear pattern, or early-, mid-or late-logistic patterns with aging
For each tissue, pathway enrichment analysis was performed on subsets of age-regulated genes that followed linear, early-, mid-or late-logistic patterns (Figure 1 , left side of the flowchart).
For each canonical pathway or hallmark pathway, the corresponding gene set was compared with an up-or down-regulated behavioral gene list. The overlapping genes were counted, and a hypergeometric test was performed to measure the statistical significance, e.g. p-value, on whether the number of overlaps occurred by chance when comparing the background of all genes included in the study. Finally, adjusted p-values were derived by the Benjamini-Hochberg procedure to control the FDR. We further repeated the same hypergeometric test on each 23 behavioral gene list but using the background of all genes that changed with age in at least one tissue. The pathways enriched by both backgrounds were identified to be specific to linear, early-, mid-or late-response among the age-regulated genes. 
Biological pathway enrichment analyses of gene expression changes with age

Transcription Factor Motif Enrichment
The motif enrichment was performed with HOMER (for Hypergeometric Optimization of Motif EnRichment) software 4.10 (Heinz et al., 2010), which identifies motifs that are statistically enriched in the promotor region of a given list of genes. We applied the HOMER software using motifs of 6-12bp length over a range of 1000bp upstream and 50bp downstream of each TABLE 1 . Age-regulated genes that were in common to 4 tissues and were up-regulated with age in a linear manner. For each gene, the most significant adjusted p-value differentiating 6 month from older ages is shown. A complete list of age-regulated genes that were in common to at least 3 tissues is provided in Supplementary table 3. FIGURE 1. Flowchart for analyses used in the study. RNAseq data were generated using HiSeq4000 platform from liver, kidney, skeletal muscle and hippocampus of rats, comparing 6, 9, 12, 18, 21, 24 and 27-month old animals. The resulting counts were first normalized with the voom method and differential expression determined with limma. Differentially expressed genes were defined by the following criteria: a fold change of >1.5 (in either direction) and Benjamini-Hochberg adjusted p-value < 0.05 between 6 month and at least one older age. In addition to these criteria, the Bayesian Information Criterion of the linear or four-parameter logistic fit was compared to the null model (no relationship over time) to ultimately determine age-regulated genes.
The age-regulated gene lists were used to perform pathway enrichment analyses that follow a linear pattern, or early-, mid-or late-logistic patterns and transcription factor motif enrichment (left side of the flowchart). For an alternative analyses arm, log2 fold changes from all detected genes were used for pathway enrichment by applying a weighted Kolmogorov-Smirnov (KS) test (right side of the flowchart).
FIGURE 2.
Heat maps depicting expression of age-regulated genes in liver (A), gastrocnemius muscle (B), kidney (C) and hippocampus (D) from rats aged 6, 9, 12, 18, 21, 24 and 27 months. 30 There were 1291 age-regulated genes in the liver (A); 1854 in the gastrocnemius muscle (B); 2195 in the kidney (C); and 229 in the hippocampus (D). In heat maps, each row represents a single gene and each column represents a single rat (n=7-9 rats per group). For each gene (in each tissue), standardized expression levels were calculated by subtracting the mean expression level from each individual measurement and dividing by the standard deviation across all samples. The color key shows that the scaling of the standardized expression from low to high are colored from blue to red. Thus, gene up-regulation is shown by a transition from blue to red, and down-regulation by a transition from red to blue. Benjamini-Hochberg adjusted p-value < 0.05 for expression regulation between 6 month and at least one older age; and a Bayesian Information Criterion (as specified in the Methods), for the linear or four-parameter logistic fit that was at least 5% improved over that of the null model.
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